In Drosophila, polar plasm contains polar granules, which deposit the factors required for the formation of pole cells, germ line progenitors. Polar granules are tightly associated with mitochondria in early embryos, suggesting that mitochondria could contribute to pole cell formation. We have previously reported that mitochondrial large and small rRNAs (mtrRNAs) are transported from mitochondria to polar granules prior to pole cell formation and the large rRNA is essential for pole cell formation. Here we show that the localization of mtrRNAs is diminished in embryos laid by tudor mutant females, although the polar granules are maintained. We also found that Tud protein was colocalized with mtrRNAs at the boundaries between mitochondria and polar granules when the transport of mtrRNAs takes place. These observations suggest that Tud mediates the transport of mtrRNAs from mitochondria to polar granules. q
Introduction
Mitochondria are organelles originated from a eubacterial symbiont and now functionally integrated into the eukaryotic cells (Blackstone, 1995; Margulis, 1996) . While the primary roles of the mitochondria are oxidative phosphorylation and biosynthesis of many metabolites, it has now become evident that they are also involved in the cellular events that play critical roles in development. One remarkable example is their involvement in germ line formation. In Drosophila, formation of the germ line progenitors, or pole cells, is induced by polar plasm localized in the posterior pole region of egg cytoplasm (Illmensee and Mahowald, 1974; Okada et al., 1974) . The polar plasm contains mitochondria and polar granules which have been regarded as the structures essential for pole cell formation (Mahowald, 1962 (Mahowald, , 1968 . Earlier ultrastructural studies have shown that both organelles become associated with each other at stages prior to pole cell formation (Mahowald, 1962 (Mahowald, , 1968 (Mahowald, , 1971a (Mahowald, , 1971b , suggesting that mitochondria contribute to pole cell formation.
We have previously reported that mitochondrial large rRNA (mtlrRNA) and small rRNA (mtsrRNA) are both transported from mitochondria and are localized on the surface of polar granules (hereafter we refer to the rRNAs outside mitochondria as extra-mitochondrial rRNAs) (Kobayashi et al., 1993; Amikura et al., 1996; Kashikawa et al., 1999; Amikura et al., 2001) . Injection of mtlrRNA restores pole-cell-forming ability to UV-irradiated embryos (Kobayashi and Okada, 1989) , and reduction of the extramitochondrial mtlrRNA results in the failure to form pole cells (Iida and Kobayashi, 1998) . These observations indicate that the extra-mitochondrial mtlrRNA on polar granules has an essential role in pole cell formation, presumably cooperating with mtsrRNA. Thus, the transport of mtrRNAs from mitochondria to polar granules is a critical step for pole cell formation. However, the molecule(s) mediating this transport remains elusive.
It has been reported that the localization of the extramitochondrial mtrRNAs at the posterior pole region of embryos was impaired by mutation of any one of the maternally acting genes, namely oskar (osk), vasa (vas) and tudor (tud) (Ding et al., 1994; Kashikawa et al., 1999) . These genes have been identi®ed as the ones required for pole cell formation as well as for polar granule assembly (Boswell and Mahowald, 1985; Lehmann and Nu Èsslein-Volhard, 1986; Schu Èpbach and Wieschaus, 1986) . These genes all produce proteins localized to polar granules (Hay et al., 1988; Bardsley et al., 1993; Breitwieser et al., 1996) , and the association of these proteins with polar granules occurs stepwise and in a hierarchical manner: each subsequent localization depends on the activity of the preceding genes (Rongo and Lehmann, 1996) . The most downstream gene, tud, encodes a protein localized in mitochondria as well as in polar granules (Bardsley et al., 1993) . This observation led to the idea that Tud may mediate the transport of mtrRNAs from mitochondria to polar granules.
However, the possibility remained that the delocalization of extra-mitochondrial mtrRNAs from the posterior of tud mutant embryos (Ding et al., 1994; Kashikawa et al., 1999) is merely caused by their incapability to form polar granules, which tether the RNAs to the posterior. To exclude this possibility we analyzed the effects of tud mutations on polar granules and mtrRNAs distribution at a light and an electron microscopic level. In early embryos derived from tud mutant females, a polar granule component, Vas protein was normally localized in polar plasm (Lasko and Ashburner, 1990) , while extra-mitochondrial mtrRNAs were undetectable in the cytoplasm. Compatible with this observation, tud mutant embryos contained polar granules, although their number and size were decreased. These polar granules were associated with mitochondria during the early cleavage stage. However, no mtrRNA signal was observed in the polar granules. In normal embryos, Tud and mtrRNAs colocalized at the boundaries between mitochondria and polar granules, when the transport of mtrRNAs takes place. These ultrastructural data strongly support the idea that Tud mediates the transport of mtrRNAs from mitochondria to polar granules. The mechanism underlying the transport of mtrRNAs by Tud will be discussed.
Materials and methods

Fly strains and egg collection
The wild-type strain used was Oregon R. The tudor (tud) mutants (tud wc8 bw/CyO l(2)DTS and tud B36 /CyO) and the de®ciency covering tud (Df(2R)Pu-D17) were used. Oregon R¯ies and tud mutant¯ies were allowed to lay eggs for 15 and 60 min at 258C, respectively. Then, the embryos were allowed to develop to assigned stages at 258C. Staging of embryos was according to Campos-Ortega and Hartenstein (1985) .
Whole-mount in situ hybridization and immunodetection
Whole-mount in situ hybridization and immunodetection were performed according to the method previously reported .
Electron microscopy
Embryos were processed for electron microscopy as described by Stafstrom and Staehelin (1984) , with minor modi®cations. Embryos were collected on a stainless steel basket and dechorionated with sodium hypochlorite. The dechorionated embryos were ®xed in heptane saturated with 25% glutaraldehyde for 1 min, and their vitelline membranes were removed manually with a tungsten needle. The embryos were ®xed in 2.5% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4) for 60 min, followed by several washes in cacodylate buffer. The embryos were ®xed in 1% osmium tetraoxide for 60 min in the cacodylate buffer. After washing in the cacodylate buffer, the embryos were dehydrated and embedded in Spurr's resin (Spurr, 1966) . Ultrathin sections were collected on copper grids and were stained by uranyl acetate and lead citrate as described by Reynolds (1963) . The sections were observed under an electron microscope, JEM-2000EXII (JEOL, Japan).
Electron microscopy for in situ hybridization
The embryos were devitellinized as described above. The ovaries were dissected in 0.1 M cacodylate buffer (pH 7.4). These samples were ®xed in 4% paraformaldehyde and 0.5% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4) for 30 min. After rinsing in the cacodylate buffer twice for 5 min each and in TBST (10 mM Tris±HCl (pH 7.5), 150 mM NaCl, 0.1% Tween 20) once for 5 min, the samples were soaked in 50 mM ammonium chloride for 10 min to neutralize residual aldehyde groups (Newman and Habot, 1993) . After rinsing in TBST three times for 5 min each, the samples were dehydrated in an ethanol series (70, 80, 90 and 95% for 15 min each at 48C, and 100% ethanol twice for 30 min each at 48C). Embedding was performed according to the method of Robertson et al. (1992) . The samples were soaked in 100% acetone for 15 min at 48C, in 100% acetone twice for 1 h each at 2208C, in acetone/neat resin (Lowicryl HM20) (3/1, 1/1, 1/3) for 1 h each at 2508C, in neat resin (Lowicryl HM20) twice for 1 h each at 2508C, and ®nally in neat resin (Lowicryl HM20) overnight at 2508C. Then, the samples were transferred into gelatin capsules ®lled with neat resin (Lowicryl HM20) and polymerized under UV radiation for 48 h at 2508C. The temperature of the embedded samples was gradually increased up to the room temperature over a period of 12 h and then the samples were processed for sectioning.
Ultrathin sections were cut and collected on nickel grids (#150 mesh). For in situ hybridization, grids were incubated in a drop of hybridizing solution (HS: 50% formamide, 5 £ SSC, 100 mg/ml sonicated salmon sperm DNA, 50 mg/ml heparin, 0.1% Tween 20) containing 1 mg/ml digoxigeninlabelled DNA probe for 5 h at 458C in a moist chamber. Then, the grids were rinsed in six drops of HS, HS/TBST (1/ 1) and TBST. Then, the grids were incubated in a drop of 10-nm gold-conjugated anti-digoxigenin antibody (BioCel, UK) (diluted in TBST, 1/50) for 1 h at room temperature. The grids were rinsed in six drops of TBST and were re®xed in a drop of 0.5% glutaraldehyde for 10 min. After rinsing in distilled water, the grids were stained with uranyl acetate and lead citrate (Reynolds, 1963) and observed under an electron microscope.
DNA probes for in situ hybridization
The cDNAs encoding mtlrRNA and mtsrRNA were labelled for 20 h with digoxigenin using DigoxigeninHigh Prime kit (Boehringer). The concentration of the labelled DNA was estimated by Digoxigenin Labeling and Detection Kit (Boehringer) and was adjusted to 50 mg/ml with HS.
Immunodetection of proteins
Embryos and ovaries were ®xed and embedded in Lowicryl HM20 as described above. Sections on the nickel grids were incubated in a drop of blocking solution (0.5% BSA in TBST) for 5 min and in a drop of primary antibody for 1 h at room temperature. After rinsing the grids in a drop of TBST six times for 1 min each, the grids were incubated in a drop of a secondary antibody solution (15-nm gold-conjugated anti-rabbit antibody (BioCel, UK) diluted with TBST, 1/ 50) for 1 h at room temperature. After rinsing the grids in a drop of TBST six times for 1 min each, the sections on the grids were re®xed in a drop of 0.5% glutaraldehyde for 10 min and were rinsed in distilled water several times. The sections were stained with uranyl acetate and lead citrate (Reynolds, 1963) and observed under an electron microscope.
Double detection of RNA and protein
The dechorionated embryos were processed for immunodetection of Tud as described above except for the uranyl acetate and lead citrate staining. Then, the grids were processed for in situ hybridization as described.
Antibodies
A cDNA fragment encoding C-terminal region of Tud protein (residues 2189±2515), which was used to raise anti-Tud antibody (9A1) (Bardsley et al., 1993) was ampli®ed by polymerase chain reaction (PCR) from a 0±4-h embryonic cDNA library (Brown and Kafatos, 1988) , and was subcloned into pGEX-5X-1 (Pharmacia) and pPROEX HTa (Gibco, BRL). Recombinant GST-Tud protein was puri®ed on glutathione-Sepharose (Pharmacia) and was used as an antigen. Polyclonal rabbit antiserum was generated by Takara Shuzo Corp. (Kyoto, Japan). Immune serum was af®nity-puri®ed using His-tagged Tud protein immobilized on HiTrap NHS-activated column (Pharmacia). Histagged Tud protein was puri®ed on Ni-NTA agarose (Qiagen) under denaturing condition. The af®nity-puri®ed antibody is referred to as TUD56.
The antibody against Tudor protein, 9A1 (Bardsley et al., 1993) was provided by Dr Boswell (University of Colorado, USA). To con®rm Tud distribution in the embryos, we used Tud56 and 9A1 antibodies, which have essentially identical properties, judged from Western blotting of 0±4-h embryonic extract and from immunostaining of whole-mount embryos (data not shown). The embryos were stained separately by each of the antibodies. An anti-Vas antibody was from Dr Lasko (McGill University, Canada). The TUD56, 9A1 and anti-Vas antibodies were diluted 1/50, 1/20, 1/50 in TBST, respectively, and were used for the primary antibody solution for electron microscopic immunodetection.
Results and discussion
We have previously reported that in normal embryos, the transport of mtrRNAs from mitochondria to polar granules occurs immediately after oviposition (Amikura et al., 1996; Kashikawa et al., 1999) . In polar plasm of mature oocytes, where mitochondria and polar granules are already associated with each other, mtrRNAs are detectable only in mitochondria (Fig. 1a,d ). Once the eggs are oviposited, mtrRNAs become detectable at the boundaries between mitochondria and polar granules (Fig. 1b,e , Table 2 ) (stage 1). As the embryos proceed to stage 2, almost all polar granules are released from mitochondria, but mtrRNAs remain at the edges of the granules (Fig. 1c,f) . The RNAs ®nally disappear from the granules by pole cell formation at stage 3 (data not shown).
To assess the role of Tud in the transport of mtrRNAs from mitochondria to polar granules, we examined the effect of tud mutations on polar granules and the subcellular distribution of mtrRNAs. In the embryos laid by females that were homozygous for a maternal tud wc8 mutation (hereafter referred to as tud wc8 embryos), as well as in the embryos from females trans-heterozygous for tud wc8 and either tud B36 or a de®ciency covering tud loci, the posterior localization of extra-mitochondrial mtrRNAs was disrupted, while Vas signal was localized in the posterior (Fig. 2) . In almost all of the mutant embryos, the posterior concentration of Tud was disrupted (Bardsley et al., 1993) (Fig. 2) . Under the electron microscope, a decreased number of polar granules, which were smaller in size, were seen in tud wc8 embryos (Table 1) , as has been previously reported (Boswell and Mahowald, 1985) . Their electron density (Fig. 3b,d ,f) and association with Vas protein (Fig. 3e) con®rm the identi®cation of these granules as polar granules. These granules contain no immunodetectable Tud (Fig. 3f) . Even in the absence of Tud protein, these polar granules were closely associated with mitochondria at the early cleavage stage (stage 1) (Fig. 3b,d ,f, Table 1 ), although such mitochondria±polar granule (mt±pg) complexes were less frequent than that observed in the control embryos laid by tud/CyO females (Table 1) . This is probably due to a decrease in the numbers of both mitochondria and polar granules in polar plasm of tud wc8 embryos (Table 1 ). In such mt±pg complexes, no mtrRNA signal was detectable either at their boundaries or in polar granules (Fig. 3b,d) . We examined more than 15 pg±mt complexes in 380 mm 2 , but never found mtrRNA signals on the complex. In contrast, mtrRNA signal was observed within mitochondria (arrows in Fig. 3b H ,d). A similar result was obtained by using the embryos derived from females trans-heterozygous for tud wc8 and either tud B36 or a de®ciency covering tud loci (data not shown). In the control embryos, mtrRNAs were normally present in polar granules as well as in mitochondria (arrows in Fig. 3a,c) . From these observations, we conclude that tud mutation abolishes the localization of mtrRNAs at the boundary of mt±pg complexes, in addition to affecting the posterior concentration of mitochondria and polar granules. The above ultrastructural analyses support the idea that Tud mediates the transport of mtrRNAs from mitochondria to polar granules. We next examined the distribution of Tud in the mature oocytes and early embryos during normal development. In the posterior pole region of mature oocytes, Tud signal was distributed almost evenly in polar granules and mitochondria (Fig. 4a) . Once the eggs were oviposited, almost all Tud signals became concentrated at the boundaries between polar granules and mitochondria (Fig. 4b) . On the mt±pg complexes in these embryos, 81±86% of the Tud signals were concentrated at the boundaries (Table 2) , and 84±94% of extra-mitochondrial mtrRNAs signals were enriched there (Table 2 , Fig. 1b,e) . As the embryos proceeded to stage 2, Tud signal was dispersed again over mitochondria and polar granules (Fig. 4c, data not shown) , while mtrRNAs were still concentrated in a peripheral region of polar granules (Fig. 1c,f) . This temporal and spatial distribution was speci®c to Tud, because Vas was always detectable all over the polar granules during these stages (Fig. 4d±f) . These observations show that Tud, like mtrRNAs, is concentrated at the boundaries between polar granules and mitochondria only when mtrRNAs are transported from mitochondria to the granules. To con®rm the colocalization of Tud with mtrRNAs, we performed a double detection of mtrRNAs and Tud protein. We found that both mtlrRNA and mtsrRNA signals were colocalized with Tud signal at the boundaries between mitochondria and polar granules in stage-1 embryos (Fig. 5) . Tud signals scattered in the granules and mitochondria were not colocalized with mtrRNA signals.
The subcellular distribution of Tud, along with the phenotype of tud mutation, leads to the idea that Tud mediates the a Average (^SD) numbers of polar granules (pg), mitochondria (mt) and the mitochondria±polar granule complexes (mt±pg) per unit area in the posterior pole region of the embryos at stage 1 are shown. One unit area was 5 mm deep and 10 mm wide along the surface of the embryos. Five unit areas were counted and the average numbers were calculated. The average number of mitochondria in the lateral region away from the posterior pole was also calculated (average^SD). Comparison of the mitochondrial numbers in the lateral region with that in the posterior region shows that mitochondria are concentrated at the posterior in the embryos from Oregon R and tud wc8 /CyO females. In tud embryos, the posterior concentration of mitochondria is much less evident.
transport of mtrRNAs. Alternatively, it is also possible that Tud is involved in tethering mtrRNAs on the polar granules after their transportation from mitochondria. Even in the absence of Tud, polar granules are formed, but its competence to receive and/or tether mtrRNAs may be abolished. We favour the former idea, because Tud is colocalized with mtrRNAs only when mtrRNAs are transported from mitochondria to polar granules at the boundaries between these structures. The concentration of Tud at the boundaries may initiate the transport of mtrRNAs. It is worthwhile to note that Tud contains ten repeats, called Tudor domains, which share sequence homology to a variety of proteins including the ones with putative RNA-binding function and RNA localization (Ponting, 1997) . At present, we do not know how mtrRNAs move across mitochondrial membranes, which are impermeable to macromolecules. A membrane rupture model has been proposed to explain the export of cytochrome c (cyt c) from mitochondria to the cytosol during the early phase of apoptosis (Green and Reed, 1998) . The apoptogenic stimuli cause the swelling of mitochondria and subsequent rupture of the outer mitochondrial membrane that allows cyt c to leak out (Vander Heiden et al., 1997) . However, we found no swelling of mitochondria associated with polar granules (Figs. 1b,e and 4b,e) . This observation suggests that the membrane rupture model is unlikely to explain the export of mtrRNAs. An alternative model for the export of mtrRNAs is that there is a channel in mitochondrial membranes that allows mtrRNAs to transport out. This model does not necessarily imply that Tud itself acts as a component of the membrane channel. We did not observe any Tud signals on mitochondrial membranes associated with polar granules (Figs. 4a, b and 5a, b) and Tud has no characteristic feature of membrane proteins (Golumbeski et al., 1991) . A further study to identify molecules interacting with Tud may clarify the mechanism of mtrRNA transport through mitochondrial membranes.
In several animal species, as well as in Drosophila, mtrRNAs have been identi®ed as the only RNA molecules that are transported out of mitochondria in the egg cyto- ) shows Tud signal concentrated at the boundary between mitochondria and polar granules. In this ®gure, the signal is low but is consistently concentrated at the boundaries (Table 2) . pg, polar granule. mt, mitochondrion. Scale bar: 0.5 mm. plasm Ogawa et al., 1999; Oka et al., 1999; Kashikawa et al., 2001) . In Xenopus, mtrRNAs are also present outside of mitochondria in germ plasm and the RNAs are on the germinal granules Kashikawa et al., 2001 ). This observation shows that mtrRNAs are also transported from mitochondria to germinal granules in the germ plasm of Xenopus embryos. It is worthwhile to note that a monoclonal antibody raised against the subcellular fraction of germ plasm recognizes an antigen commonly observed in both mitochondria and germinal granules (Nakazato and Ikenishi, 1989) . Although the role of this antigen in the export of mtlrRNA has not been studied, this observation raises the possibility that the mechanism of the transport of mtrRNAs may be conserved between invertebrates and vertebrates. The analysis of Tud in Drosophila provides the ®rst step toward the clari®cation of mechanisms underlying the export of mtrRNAs from mitochondria to the cytosol. 
